A simple efficient algorithm based on compressive diagonal strength of unreinforced masonry walls is presented to determine capacity curve of unreinforced masonry building. The compressive strength is calculated based on a new close form solution. The new close form solution is determined based on predicted results using interface elements for modeling of mortar joints. Finite element method with two-noded linear elements is used for analyses. Different masonry structures, including low-and high-rise unreinforced masonry buildings, are analyzed using the new closed-form solution and the presented algorithm. A comparison of results of the present work with experimental data and other methods similar to the discrete element method show proper accuracy of the analyses in the present work. Consequently, the closed form solution with proposed algorithm can be used to satisfactorily analyze unreinforced masonry structures to predict the ultimate base shear force and the pushover curve. Hence, practicing engineers can determine the behavior of an URM building and its performance level with proper accuracy under seismic excitation using concepts described in the present work.
a wall is subjected to a spectral acceleration of 0.44 g, the probability of collapse for height-95 to-thickness ratios less than 10 is less than 1%. The ratios for spectral accelerations of 0.24 96 g and 0.3 g are 18 and 15, respectively [35] . Therefore, walls with the conditions described 97 above will stabilize when subjected to out-of-plane ground motions, and the in-plane strength 98 of the wall will be important in resisting lateral forces. The research results discussed above that are related to macro-modeling processes show 105 considerable differences between different methods of macro-modeling in comparison with test 106 data [31] . Therefore, in this investigation, the closed-form solution by Akhaveissy [1] is ex-107 tended to allow implementation in a macro-element approach using two-noded linear elements 108 in a finite element framework. The analysis time is decreased in comparison with analyses 109 performed using the micro-element approach and the finite element method, which use solid 110 elements and shell elements. Moreover, the accuracy of the analysis is increased because the 111 formulation is based on the micro-element approach. 
THE CLOSE FORM SOLUTION

113
The closed form solution to determine the resistance lateral force of unreinforced masonry wall 114 is based on the effective width of the wall in compression [1] . The effective width of unreinforced 115 masonry wall is in terms of the height-to-width ratio of the wall. The width of the compressive 116 diagonal is proposed as a coefficient of the length of the diagonal [1] . This coefficient is shown 117 by F w . Fig. 1 shows variations of the coefficient versus different height/width ratio of the wall 118 [1] .
119
Hence, the resistance lateral force is based on compressive axial force of the effective width, According to Fig. 2 , the resistance lateral force is as follows [1] :
where, C and ϕ are the cohesive strength and the friction angle, respectively. In Eq. 
Infinitesimal element
Figure 2 a) compressive effective width of the wall and b) principal stress on infinitesimal element [1] of Eq. (1) analyze URM structures using macro-elements. The stiffness matrix of the element included 136 both bending and axial stiffness matrices. Fig. 3 shows the shape functions of the elements for both parts. The initial stiffness method is used in the analysis. Therefore, assuming a linear elastic ma-
139
terial with a stress-strain relationship of {σ} = [E] {ε} and a strain-displacement relationship
{d}, the element bending stiffness matrix can be determined from the following
After integration using the element shape functions, the elemental bending stiffness K b is found 143 to be the following:
The element axial stiffness matrix can be expressed using the following relationship:
After integration using the element shape functions, the elemental axial stiffness K a is found 146 to be the following:
The elemental stiffness for the local axis is obtained by combining Eq. (3) and Eq. (5) to 148 arrive at the following equation:
The stiffness matrix of elements in the global axis is determined using rotation forces from the 150 local axis to the global axis and is expressed as the following:
Here, θis the angle between the axis of the element and the horizontal axis in the anticlockwise 152 direction.
153
The solution to the equilibrium equation system yields the joint displacements and internal
154
forces in the local coordinate system. The internal forces cause damage to the masonry wall.
155
Therefore, the internal forces should be compared with the nonlinear behavior of masonry walls. This comparison is discussed in the next section. 
Deformation capacity and stiffness evaluation
158
The response of brick masonry walls is strongly nonlinear, even at low load levels, because of 159 the low tensile strength of the bed and head joints. As the damage due to cracking increases, 
Proposed algorithm
172
An algorithm is proposed for nonlinear analysis of URM structures based on the macro-element 173 method and a force-displacement relationship. Table 1 shows the solution process.
174 Table 1 Proposed algorithm 1 definition of geometry, material and loading, including the dead and live load and lateral load 2 determination of the elastic stiffness matrix for each element based on Eq. (7) and the stiffness matrix of the total structure 3 determination of the dead and live load vectors for the URM structure 4 solution of the system of equations for step 3 5 establishment of the incremental load vector for the lateral load 6 solution of the system of equations based on step 2 7 determination of the internal force vector in the local axes for each element 8 evaluation of the internal forces for nonlinear behavior (see Table 2 ) 9 determination of the residual force vector for the URM structure 10 evaluation of the convergence criterion based on the L2 norm of the residual force 11 if the value of the L2 norm is less than the value of the error provided by the user, then go to step 5 and evaluate the last incremental lateral force vector, otherwise go to step 6 and solve the system of equations for the residual force vector A program in the FORTRAN language is prepared from the algorithm presented in Tables The compressive strengths of the brick and mortar were 109 and 9.24 MPa, respectively, applied to the diaphragm to transmit the gravity load to the west and east walls. The net span 189 of the wood joist was 5310 mm [27] . Therefore, the gravity load on each wall was 6.37 kN/m.
then the behavior of the wall is elastic and internal shear f orce, Vint, is not changed if Vu
≤ Vint then f = Vu V int Vint = Vu * V int |V int | Mint = Mint * f end if end if else if σ > fc then σ = fc P = σ * A * P |P | end if τu = C + σ tan(φ) σ d = 2 * τu Vu = FwL d tσ d if Vu > Vint
≤ Vint then f = Vu V int Vint = Vu * V int |V int | Mint = Mint * f end if end,
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The mesh for the west wall contained 720 eight-node isoparametric elements and 2527 nodes; for the analysis were equal to 0.078 MPa and 31.9 degree, respectively [1] . The wall is chosen 194 to show capability of the proposed algorithm in Table 1 and 2. 
232
The finite element method estimate of the force was 157 kN. Fig. 9 shows a better agreement 233 between the test data and the present work than with other models. To consider the damage 234 to the structure, the acceptance criteria are evaluated in Fig. 10 . The equivalent frame in the 235 present work included 9 nodes, and 3 nodes were fully constrained at the base. The applied 236 base shear force equal to the lateral load is 150 kN, which is prepared in 400 steps. The (b) the pushover curve for the seven-bay, two-story masonry building used in the present analysis, as shown in Table 3 , are adopted from Brencich et al.
[6]. Here, f t is the tensile strength, f m is the compressive strength, c is the cohesion and ϕ is 311 the friction angle.
310
312
The equivalent static forces at the levels of stories were calculated in Brencich et al. [6] , as 313 shown in Table 4 .
314 Table 4 Equivalent static forces for the five-story masonry building [6] Unit weight of masonry γ = 17 kN /m The equivalent frame model and the seismic loads on the old five-story masonry building 315 are shown in Fig. 16 . The equivalent frame model in present work included 75 linear elements and 120 degrees of 317 freedom (DOFS). The tolerance for both the displacement convergence criterion and the force 318 convergence criterion is 1*10 −12 . The model is analyzed using the algorithm in Tables 1 and   319 2. The total time of the calculation is 144 sec. The predicted pushover curve from the present 320 analysis is compared in Fig. 17 with a predicted curve using the discrete element method with 321 17,000 DOFS. is 1430 kN using the equivalent frame model and 1258 kN using the discrete element method.
325
The difference between the ultimate base shear forces for both models is less than 13.7%. 
